We performed a number of comparative MCNPX simulations of gamma energy depositions of scintillation crystals with smooth and rough surfaces. In the study, nine surface patterns (8 micro-roughness + 1 smooth) were coupled with eight common scintillation crystals for a total of 72 possible combinations. Although this was a preliminary study, the outcome was counterintuitive; results generally favored surfaces with micro-roughness over a conventional smooth surface as measured in terms of average energy depositions. The advantage gained through surface roughness is less significant for CdSe and LaCl 3 , but is most significant for the common NaI and the glass-like SiO 2 scintillators. Based on the results of the 64 rough-surface coupled MCNPX simulations, 57 of the 64 (~89%) simulations showed some improvement in energy deposition. The mean improvement in energy deposition was 2.52%. The maximum improvement was about 8.75%, which was achieved when roughening the surface of a SiO 2 scintillator using a micro cutting pattern. Further, for a conventional NaI scintillator, MCNPX results suggest that any roughness pattern would improve the energy deposition, with an average improvement of 3.83%. Although the likely causes remain unclear, we intend to focus on presenting simulation results instead of offering a sound explanation of the underlying physics.
INTRODUCTION
During the last decade, numerous studies have explored opportunities for improving the performance of scintillation detectors for gamma radiation detection. Those studies generally began with investigations and performance comparisons of different scintillation materials, such as NaI, LaBr 3 , LaCl 3 , CeBr 3 , and LaF 3 [1] [2] [3] [4] [5] [6] .
Conventional wisdom has been that surface roughness may have little to no effect on the scintillators used for detecting gamma and other high-energy particles. In the case of photocells, thin films, or CdZnTe detectors, the photoelectric physics is exploited. The photoelectric interaction is in general essentially a surface phenomenon involving electromagnetic radiation in the visible or UV frequency bands that occur a few nanometers near the surface. Therefore, the surface roughness might have a demonstrable effect on the photoelectric efficiency of the semiconductor. On the other hand, scintillation is usually considered a volume phenomenon. High-energy gammas typically penetrate into the body of the scintillators and interact with the scintillation material in order to generate scintillation light. The depth of interaction for scintillation is usually in the range of millimeters to centimeters. In addition, due to the high-energy nature of the gamma rays, it is unlikely that the direction and path of incoming gamma photons would be affected by the surface roughness at the nanoscale level. These assumptions have contributed to a lack of interest in studying scintillator surface roughness; conventional scintillator detector design still essentially ignores the surface pattern (including roughness factors) of the scintillators.
In our recent attempts to design better scintillation detectors, we took a second look at the surface roughness factor of scintillation detectors. We designed four different surface roughness patterns at two different micrometer scales, coupled with eight different common scintillators, and then performed MCNPX simulations on all those scintillator-roughness configurations. Based on the MCNPX simulation results, the surface roughness does show potential for improving gamma photon energy deposition in the crystal for certain scintillators and certain roughness configurations. This paper reports our most recent MCNPX investigations on the micro-scale surface roughness of scintillation detectors. Although rough surfaces appear to have outperformed smooth surfaces in terms of energy depositions in the simulations, we do not intend to draw a concrete conclusion about the surface roughness effect or provide a defensible physics explanation about these results. Instead, our intention is simply to point to a new approach that holds the promise for better detector efficiency and resolution, in the hope that this paper will stimulate more work on how surface roughness influences scintillation detector performance.
MCNPX SIMULATION DESIGNS

MCNPX Settings
The MCNPX simulation work presented in this paper consists of configurations of eight different scintillators coupled with nine different surface patterns (1 smooth + 8 rough surfaces). A total of 72 simulations using MCNPX were performed (8 detectors × 9 simulations = 72 simulations). The eight MCNPX simulations of the scintillators with smooth surfaces provided reference data for efficiency comparison (energy deposition) to scintillators having rough surfaces.
In order to maintain fairness while comparing the MCNPX simulation results, the scintillation crystals were all assumed to be of the same size, Ф1″ × 1″, as shown in Figure 1a . The crystals were assumed to have a rough surface at only one end. The other end of the crystals and their side surfaces were assumed to be smooth. The scintillator was mounted inside an aluminum protective case, with the rough surface facing the end of the aluminum case, and the smooth surface in contact with the photomultiplier tube (PMT) as shown in Figure 1b . In the MCNPX setup, a radioactive source of 235 U of diameter 1 cm was placed about 10 cm away from the scintillator end of the aluminum case along the z-axis. A 3 MeV gamma point source was placed in the center of the uranium ball ( Figure 1c ) in order to simulate prompt fission gammas. Finally, a cone-shaped importance space was added to the MCNPX codes to ensure the simulation could be performed within a reasonable period of time (Figure 1d ).
Scintillator Selection
The following scintillators were considered in the study: CdSe, CeBr 3 , CeF 3 , LaBr 3 :Ce, LaF 3 :Ce, LaCl 3 :Ce, NaI:Tl, and SiO 2 . They were chosen because they have generated considerable interest in the gamma radiation detection community and because they were investigated in our previous studies [5] [6] [7] [8] [9] [10] [11] [12] . In order to simulate the realistic industrial composition of the crystals, common impurities and doping materials for those crystals were also considered in the material definition cards. The scintillator descriptions are listed in Table 1 . For crystals with cerium and lanthanum compositions, their natural isotopic abundances were used in the material definitions of the MCNPX input files. Table 1 lists important scintillation properties of these gamma detector materials. Following is a discussion of some of the common trends of note. Because of the high dipole moment developed between the 5d ↔ 4f transitions, cerium as an activator makes the scintillator response pulses faster (as compared to Tl or Eu dopant). The decay rate is directly proportional to the square of the magnitude of the transition matrix. High refractive indices usually make a better scintillator when the optical coupling is correct. Higher density with larger stopping power for photons is a good property for a scintillator, but choosing high-density scintillators should be a thoughtful process. Usually the cations are chosen to be of high atomic mass. The choice for the anions is less straightforward; the anions have to be of smaller radii to maximize the density, i.e., leading to a more compact size. Thus, anions like F -, O 2-, and N 3-make heavier scintillators. Non-proportionality of photon yield per MeV incident gamma energy in the scintillator is the root cause of less than optimum energy resolution. It is estimated by Derenzo et al. [13] that photon outputs of 200,000 photons/MeV is the fundamental limit for a 2-eV wide band gap scintillator. LaBr 3 :Ce, which has a high luminosity, coupled to the correct photodetector may be capable of presenting a gamma energy resolution of 2% at 662 keV. Aluminum case w/ scintillator inside
MIGNP hlpelrksrron spots* 1a. The geometry and the size of the scintillation crystal specifications used in the MCNPX simulations reported in this paper.
1b. The scintillation crystal was mounted inside an aluminum protective case, with the rough surface at the end of the aluminum case.
1c. Source and detector geometry design used in the MCNPX simulation reported in this paper.
1d. Finally, a cone-shaped importance space is added to the MCNPX codes to ensure the simulation is done inside the importance space only. 
SURFACE ROUGHNESS PATTERNS
The surface roughnesses we investigated in this study are micro-scale in size. With MCNPX, we know that the microroughness has to be created through a miscellaneous set of operations of the micro-bodies as well as lattice creations, as illustrated in Figures 2a-2d . Therefore, the micro-roughness may be considered as being created on a smooth surface of a scintillation crystal through a micro-mechanical process. This mechanical process can be a sanding process, a drilling process, a parallel cutting process, or a crosscutting process. A total of eight micro-roughness surface patterns were used in the study. They are listed in Table 2 .
The simplest micro-mechanical processing we considered was micro-sanding, a process that can be achieved by bombarding the smooth surface with sand grains at micrometer scale. In MCNPX, we used a lattice of sand balls of regular pattern to imprint the smooth surface of the crystal to simulate a surface after sanding. As shown in Figure 2a , in order to take the advantage of the lattice structure, the sand balls must be arranged in a regular pattern. Three parameters may be used to design the roughness pattern: r, the radius of the micro-sphere; d, the distance between two spheres along x and y axes; and h, the roughness height of the sand impression. In our MCNPX simulations, we used two sets of design parameters where r = h = d/4 = 50 μm and r = h = d/4 = 100 μm. The patterns created with these two sets of parameters are noted as SAND050 and SAND100, respectively. 
Surface Pattern Descriptions
SMOOTH
Conventional smooth surface SAND050
Hemispheric sanding dents 50 μm in radius, spacing between spheres 200 μm SAND100
Hemispheric sanding dents 100 μm in radius, spacing between spheres 400 μm DRILL050 Circular drilling holes 50 μm in radius and 500 μm in depth, spacing between hole centers 200 μm DRILL100 Circular drilling holes 100 μm in radius and 1000 μm in depth, spacing between spheres 400 μm
PCUT050
Parallel cutting notches 100 μm in width and 500 μμm in depth, spacing between blades 200 μm PCUT100 Parallel cutting notches 200 μm in width and 1000 μm in depth, spacing between blades 400 μm
XCUT050
Cross cutting notches 100 μm in width and 500 μm in depth, spacing between blades 200 μm
XCUT100
Cross cutting notches 200 μm in width and 1000 μm in depth, spacing between blades 400 μm Similarly, we considered the mechanical micro-drilling process. The resulting rough surface may be approximated by imprinting a lattice of micro-cylinders onto the smooth surface of the crystal. As shown in Figure 2b , three design parameters determine the drilling pattern: r, the radius of the micro-cylinder; d, the distance between two cylinders along x and y axes; and h, the roughness height of the cylinder impression. Likewise, we used two sets of design parameters where r = h = d/4 = 50 μm and r = h = d/4 = 100 μm. The patterns created with these two sets of parameters were identified as DRILL050 and DRILL100, respectively.
The third type of roughness surface we considered could be produced through a mechanical parallel micro-cutting process as shown in Figure 2c . The micro-cutting blades are assumed to take an elongated ellipsoid shape with four design parameters: a, the short radius of the micro-ellipsoid; b, the long radius of the micro-ellipsoid; d, the distance between two blades along the x axis; and h, the roughness height of the ellipsoid impression or the depth of the blade cuts. Similarly, we selected two sets of design parameters where a = b/10 = h/10 = d/4 = 50 μm and a = b/10 = h/10 = d/4 = 100 μm for the study. These two patterns were noted as PCUT050 and PCUT100, respectively.
The last type of roughness surface we considered is one that could be produced by a mechanical crosscutting process as shown in Figure 2d . As in the parallel cutting case, the design and layout of the blades rely on the four parameters introduced in the parallel cutting case. Similarly, we selected two sets of design parameters where a = b/10 = h/10 = d/4 = 50 μm and a = b/10 = h/10 = d/4 = 100 μm; we noted these two patterns as XCUT050 and XCUT100, respectively. 
MCNPX MODELING RESULTS
In our experiments, the MCNPX parameter, NPS, was set to 10 6 . For a simulation of 10 6 particles, the MCNPX Version 2.7b performed the simulation on a desktop computer in about four hours. It took a slightly longer time for the roughest patterns and less time for smooth surfaces.
The simulations focused on the energy deposition (F6) tallies for the gammas in the 1-2000 keV energy range over the whole crystal, since it is generally accepted that scintillation light production is proportional to the gamma energy deposition. Table 3 lists the MCNPX simulation summary of the average energy depositions per gram of scintillation material under different surface roughness patterns. In order to obtain a concise, clear picture about the effect of the roughness, we derived a merit measure for the surface roughness called Percentage Improvement (PI) using a ratio of average energy depositions for crystals with rough and smooth surfaces:
Eq. 1
In this formula, the average energy deposition in a scintillator with a smooth surface is used as a reference for the same scintillator having rough surfaces. The MCNPX-simulated average energy deposition in the scintillator with rough surfaces is divided by that of the reference scintillator with a smooth surface. Subtracting 1 from the ratio and then multiplying by 100, we obtained the PI in average energy depositions for the given scintillator-roughness coupling. Crystals with smooth surfaces naturally have a PI of 0, that is, PI SCINTILLATOR,SMOOTH = 0.
Using the PI values in Table 4 , the roughness patterns with respect to a chosen scintillator can be quantitatively ranked. For instance, for NaI, the pattern PCUT050 received the highest PI, PI NaI,PCUT050 = 5.94; this suggests that with a PCUT050 roughness surface at one end of an NaI crystal, it could receive nearly 6% more energy deposition in the scintillator. This increase is rather significant. Similarly, PI values may be used for ranking the scintillator's performance across different roughness patterns. For instance, we had hoped the micro-sanded pattern SAND050 would outperform other patterns, but it turned out to be a mediocre pattern. The micro-sanding technique 50 μm shows the best result on a NaI detector with PI NaI,SAND050 = 4.42, but with a small negative PI for CdSe with PI CdSe,SAND050 = -0.05.
The row and column statistics of PI, such as rank, minimum, mean, and maximum, are also listed in 
DISCUSSION
The MCNPX simulation results and their derived performance matrices for rough surfaces have been given in the previous section. To some degree, the results were quite intriguing and even counterintuitive. We observed, at least through MCNPX simulations, that rough surface patterns do, in general, improve the ability of the scintillators to capture more incoming photons, or in short, improve gamma absorptions. However, this magnitude of improvement can depend on both the roughness pattern and the scintillator material.
The physics behind our observations is unclear. As we pointed out earlier, we do not intend to give a full and complete explanation for the results. However, some rough ideas can still be postulated:
1) Increased gamma capturing may be due to the increase of the effective surface areas of the scintillants under various surface-roughness schemes. The authors are not aware of any metrics that support this hypothesis. However, if this were true, then all eight evaluated scintillators should have received similar comparable PI values for a given roughness pattern. From the data given in Table 5 , we cannot comfortably and statistically prove this conjecture. 2) There is a very slight difference in the mix of Compton scattering and photoelectric effect at the crystal surface versus the center of the crystal volume, due to the nature of the energy dependence of various gamma-ray interaction processes. Thompson, Rayleigh, and Raman scattering are usually neglected interaction processes for gamma-ray detectors, but may lead to very slightly different response functions (for secondary radiations near detector edges) between large (rough) surface and small (smooth) surface detectors of approximately the same volume.
3) The increase in internal reflection of the photons in the visible wavelengths resulting from scintillation may be an outcome or benefit of roughening the crystal surface. Oddly, were this to be the case, one could hypothesize that a slight, if not measureable, increase in light collection may occur in the photomultiplier tube. Under certain conditions, this would be conducive to efficiency, increased photon statistics, and thereby possibly resolution as well.
Given the time and resources available for our work, we are unable to perform nanoscale surface roughness simulations for those scintillators. Our results, even though without a full physics explanation, certainly imply some potential industrial application. NaI is the most widely used scintillator for gamma detection today, and if the conventional NaI crystal is slighted sanded with silt (grain size 2~60 micrometer) at the source-facing end of the crystal, then its detection efficiency can be expected to improve about 4%. The described (silt) sanding process can be implemented easily and economically, and thus poses substantial industrial potential.
SUMMARY
We have presented our recent preliminary MCNPX simulation results for evaluating the effect of surface roughness on scintillators for gamma detection. The results generally show an improvement in performance of scintillators with one rough surface face. Although the results are not conclusive, the statistical mean implies that a 2.5% increase in energy deposition can be expected. We suggest that the nuclear science community further the roughness study in the nanoscale range, , noting that MCNPX simulation results indicate detector efficiency variations by up to 4% may be associated with differing surface roughnesses of a detector.
